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Strong resonant enhancements of inelastic light scattering from the long wavelength inter-Landau
level magnetoplasmon and the intra-Landau level spin wave excitations are seen for the fractional
quantum Hall state at ν = 1/3. The energies of the sharp peaks (FWHM <
∼
0.2meV ) in the
profiles of resonant enhancement of inelastic light scattering intensities coincide with the energies
of photoluminescence bands assigned to negatively charged exciton recombination. To interpret
the observed enhancement profiles, we propose three-step light scattering mechanisms in which the
intermediate resonant transitions are to states with charged excitonic excitations.
PACS numbers: 73.20.Mf, 73.43.Lp, 71.35.Ji
Inelastic light scattering is a key method for the study
of collective excitation modes in quantum Hall (QH) liq-
uids [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Resonant enhancement
of the scattering cross-section is here crucial because the
non-resonant scattering intensity in 2D electron systems
is too small to be observable [1, 11, 12, 13, 14, 15]. The
enhancement of the scattering cross-section also plays a
role in degenerate four-wave mixing [16] and coherent
optical oscillation [17] studies. In the presence of weak
residual disorder, breakdown of wavevector conservation
in light scattering processes offers direct access to critical
points in the dispersions of charge and spin excitations
of QH liquids [1, 2, 3, 4, 7, 8, 18]. However, only brief
attention has been given to the resonance profiles and
the details of the underlying enhancement mechanisms
of the observed collective excitations.
Here we present resonance enhancement profiles in the
fractional QH (FQH) regime and discuss their implica-
tions, particularly in relation to optical transitions that
have been the focus of much recent work [19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. We focus our
attention on the resonance enhancement profiles for in-
elastic light scattering when the electron system is in the
major FQH state with ν = 1/3, where ν = nhc/eB is the
Landau level filling factor for areal density n and perpen-
dicular magnetic field B. We consider the enhancement
profiles of the inter-Landau level magnetoplasmon (MP)
mode at the cyclotron energy ωc and the intra-Landau
level spin wave (SW) at the Zeeman energy Ez . In the
MP mode only the electron Landau level index changes
and in the SW mode there is only reversal in spin ori-
entation of electrons and/or quasiparticles of quantum
liquids. Both collective modes occur at q → 0, so that
the impact of breakdown of wavevector conservation is
ignored in a lowest order description.
We find strong enhancement of the light scattering in-
tensity within a small range of incoming and outgoing
photon energies. These enhancements coincide with op-
tical transitions assigned to recombination of negatively
charged excitons (X−) [22, 25, 29, 30]. The large reso-
nance enhancements reported here enable light scattering
studies at the very low light power densities required to
achieve temperatures in the milliKelvin regime under ex-
perimental conditions [35, 36, 37]. In a qualitative inter-
pretation, we propose three-step light scattering mech-
anisms that interpret the resonance enhancements with
intermediate transitions to states with X− excitations
[1, 11, 12, 13, 14, 15].
The links between resonant enhancements of light scat-
tering and the X− excitations provides new venues for
the study of the properties of X−. Studies of resonant
enhancement of light scattering by modes seen due to
breakdown of wavevector conservation in the FQH regime
[8, 36] will be the subject of future work. Well-defined
polarization selection rules, which are seen in some reso-
nances, also offer new venues for exploring the properties
of X− transitions.
The 2D electron systems studied here are formed in
250A˚- and 330A˚-wide asymmetrically doped GaAs sin-
gle quantum wells, referred to as samples A and B. The
electron densities for the two samples are 8.5×1010cm−2
and 5.4 × 1010cm−2 and the low temperature mobilities
are 3.0× 106cm2/V s and 7.2× 106cm2/V s, respectively.
As shown in the schematic in Fig. 1, the samples are
mounted on the cold finger of a dilution refrigerator with
a base temperature of 50mK. This is inserted into the
cold bore of a 17T superconducting magnet. The samples
are mounted with the normal to the surface at an angle
θ from the magnetic field, making the component of the
field perpendicular to the 2D electron layer B = BT cosθ
for a total applied field BT .
As shown in the schematic in Fig. 1, light scatter-
ing measurements are performed through windows for
direct optical access. The energy of the linearly polar-
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FIG. 1: A schematic of the experimental setup and measure-
ment configuration. Linearly polarized light from a tunable
laser is passed through a polarization rotator and directed
onto the sample through windows. The scattered light is fo-
cused into a spectrometer and the dispersed light is detected
by a CCD. The upper inset shows the sample design and a
sketch of the conduction band. The lower inset shows the
backscattering geometry.
ized incident photons is tuned close to the fundamen-
tal optical gap of the GaAs well and the power den-
sity is kept below 10−4W/cm2. The samples are mea-
sured in a backscattering geometry, making an angle
θ between the incident/scattered photons and the nor-
mal to the sample surface. The wavevector transferred
from the photons to the 2D system is k = (2ωL/c)sinθ.
For typical measurement geometries, θ < 60◦ so that
k ≤ 1.5× 105cm−1 ≪ 1/l0, where l0 = (h¯c/eB)
1/2 is the
magnetic length. Scattered light is dispersed by a Spex
1404 double spectrometer with holographic master grat-
ings that reduce the stray light and provide a resolution
as small as 20µeV . The response of the spectrometer is
linearly polarized, so that spectra can be taken with the
linear polarization of the incident photons parallel (po-
larized) or perpendicular (depolarized) to the detected
scattered photons’ polarization.
Figure 2a shows spectra at ν = 1/3. In these spectra,
the collective excitation energy is measured as a shift be-
low the laser energy ωL. The sharp peak labelled ωc,
found at a constant shift of 17.2meV for various ωL, is
inelastic light scattering from the long wavelength (i.e.
at wavevector q → 0) MP. This mode is fixed by Kohn’s
theorem at the cyclotron energy ωc = eB/m
∗c. Two
additional features are also seen at shifts from the laser
that depend on laser photon energy. These are more eas-
ily understood in Fig. 2b, where the spectra are plotted
on an absolute energy scale. The features at 1523.7meV
and 1524.3meV are luminescence from optical transitions
identified as the singlet (S1) and bright triplet (TB) X
−
recombination [22, 25, 29, 30]. From Fig. 2, it is clear
that for the excitation at ωc the light scattering process is
resonant when the outgoing photon energy ωS coincides
with the TB transition.
Overlap of ωL or ωS with an X
− transition can cause
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FIG. 2: Spectra at various ωL for ν = 1/3 in sample A
(after Ref [38]), translated vertically for clarity. (a) Spectra
are plotted as intensity vs. energy shift below ωL. The mode
at a constant shift of 17.2meV labelled ωc is light scattering
from the MP excitation. (b) The same spectra are plotted as
intensity vs. absolute photon energy. The peaks labelled S1
and TB are identified as luminescence from X
− excitations, as
discussed in the text. Grey dots overlayed on the 1541.7meV
spectrum are the intensity of the light scattering from the MP
mode vs. ωS, and the grey line is a fit using Eq. 2.
striking increases in the light scattering intensities by ex-
citation modes of liquids in the FQH regime. We see
from Fig. 2a that the intensity of the MP mode in sam-
ple A becomes significantly larger when ωS overlaps TB.
Remarkably, the intensity of the scattered light at the
peak of this outgoing resonance can be larger than that
of the luminescence. In Fig. 2b we show the resonance
enhancement profile for the MP mode as a function of ωS
overlaid on the luminescence. The lineshape of the out-
going resonance profile of light scattering intensity corre-
sponds very closely to that of the TB luminescence, and
both are peaked at 1524.28meV . The TB luminescence
lineshape has a FWHM of 0.17meV , which is narrower
than the FWHM of 0.23meV for the resonance profile.
Figure 3a shows light scattering spectra from the long
wavelength intra-Landau level spin wave (SW) excita-
tion in sample B. The energy of this mode is fixed by
Larmor’s Theorem at the Zeeman energy Ez = gµBBT ,
where g is the Lande g-factor in GaAs and µB is the Bohr
magneton [6]. The SW is resonant throughout a broad
range of ωL and ωS. In the results reported here the fo-
cus of our current analysis is on the strongest and lowest
energy resonance, where the peak intensity is at least a
30.0 0.1 0.2 0.3 0.4
0
1
50meV
wL [meV]
1520.48
1520.44
1520.40
1520.36
1520.31
n=5.6 x 1010cm-2
B=7.01T
T=55mK
n=1/3
 
In
te
ns
ity
 [A
.U
.]
EZ
¯  
 q
 [1
/l 0
]
 Energy Shift [meV]
FIG. 3: (a) Spectra at various ωL for ν = 1/3 in sample B,
translated vertically for clarity. Spectra are plotted as inten-
sity vs. energy shift below ωL. (b) Calculation of SW disper-
sion [39] including a scaling by a factor of 0.59 to incorporate
finite width corrections [8, 37].
factor of two larger than in other resonances. One strik-
ing difference between these spectra and those for the ωc
resonance is that no luminescence is seen when ωL over-
laps or is below the energy of the neutral exciton (X)
optical recombination energy. It is possible that pho-
toexcited states are unable to relax and then emit if the
exciting photon energy is below a certain threshold. This
is consistent with our observations that the luminescence
appears for higher energy ωL.
As seen in Fig. 3a, the SW has a relatively narrow
FWHM = 50µeV . However, its lineshape is asym-
metric because of an enhanced tail on the high energy
side. In Fig. 3b we show the SW dispersion ωSW =
Ez + α∆SW (q), where ∆SW (q) is calculated exactly for
finite sized systems [39] and α = 0.59 is a constant scaling
factor to account for finite width effects [8, 37]. Break-
down of wavevector conservation from residual disorder
can activate larger wavevector SW excitations. As seen
in Fig. 3b these occur above Ez , causing the observed
asymmetry [40].
In Fig. 4, we compare the SW resonance enhancement
profile to the luminescence lineshape. Assignment of the
two singlet (S1 and S2), dark triplet (TD), and bright
triplet (TB) luminescence features is made based on the
arguments presented in Refs. [22, 25, 29, 30]. The S2
transition has a particularly low intensity, but is more
clearly seen in other spectra (not shown). The peak in
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FIG. 4: Luminescence intensity vs. absolute energy for sam-
ple B taken with ωL = 1525.02meV . Arrows at the bottom
of each panel label the transitions to which the features are
assigned. The overlayed grey dots are the resonance enhance-
ment profile of the SW vs. (a) ωS and (b) ωL. The intensities
have been scaled by a constant to match the intensity of the
S1 luminescence.
the resonance profile has a FWHM < 0.1meV , which is
slightly sharper than the luminescence linewidths. From
Fig. 4a, we find the peak in scattering intensity occurs
when ωS coincides with the feature assigned to the S1 lu-
minescence transition. The incoming resonance shown in
Fig. 4b indicates that the peak also overlaps the feature
assigned to the S2 luminescence.
The simplest mechanism for wavevector conserving
light scattering processes that exhibit both incoming and
outgoing resonances is a third-order process. The inten-
sity of this process, which is described in the diagram
shown in Fig. 5, can be written within time-dependent
perturbation theory as [1, 41]
I(ω) ∼
∣∣∣∣∣∣
∑
i,j
〈0|Hγ |j〉〈j|Hint|i〉〈i|Hγ |0〉
(ωS − Ej)(ωL − Ei)
∣∣∣∣∣∣
2
, (1)
where the intermediate states |i〉 and |j〉 have energies
Ei and Ej above the ground state respectively. In the
first step, the incoming photon ωL is annihilated and the
system goes from state |0〉 to an intermediate state |i〉 via
a virtual transition through the electron-photon interac-
tionHγ . The system then goes from |i〉 to |j〉 through the
Hint interaction between the electrons and the collective
excitations of the 2D system. In this second step there is
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FIG. 5: Diagrammatic representation of third-order resonant
light scattering process described by Eq. 1. The numbers
indicate the time ordering of the processes.
emission of a collective excitation at ω. In the third and
final step, the electron system returns to state |0〉 with
the additional collective excitation at ω and emits a pho-
ton at energy ωS = ωL−ω. The quasiparticle properties
of the electron liquids are here incorporated into Hint. In
the specific case of the SW we note that the excitation
is a collective mode associated with spin-reversed tran-
sition of composite fermions (CFs) [39, 42]. Here Hint
must arise from the residual interactions between com-
posite fermions.
The peaks in the resonance profiles shown in Figs.
2 and 4 coincide with luminescence transitions of X−.
From this, we infer that the intermediate states of the
third-order light scattering mechanism are excitations of
the ground state that can include X− transitions and
a collective excitation. Enhancement of light scattering
in the FQH regime is then directly linked to X− transi-
tions, and their symmetry properties will determine the
selection rules.
Light scattering from the MP mode is seen in Fig. 2 to
have an outgoing resonance with the TB state. Assum-
ing there is no double resonance condition (simultaneous
incoming and outgoing resonances), the scattering inten-
sity in this range can be written as
I(ω) ∼
1
(ωS − ETB )
2 + Γ2
, (2)
where Γ is a broadening of the transition. The best fit
of Eq. 2 to the resonance profile of the MP mode with
Γ = 0.11meV is shown in Fig. 2. The FWHM is 2Γ =
0.22meV , which is consistent with the width of the TB
transition as measured by the luminescence linewidth.
From Fig. 4, the SW mode shows an outgoing reso-
nance but no incoming resonance with the S1 state. As-
suming the product of matrix elements in Eq. 1 is the
same under interchange of states i an j, we would expect
an incoming and outgoing resonance at close to the same
intensity. Because the SW energy at 1/3 in sample B
is close to the spacing of the X− transitions shown in
the luminescence of Fig. 4, it is possible to have a double
resonance condition, in which the incoming and outgoing
resonances for two states coincide. For the SW resonance
shown in Fig. 4, the spacing of the S1 and S2 transitions
is close to Ez = 0.19meV . The resonance lineshape from
Eq. 1 can then be written as
I(ω) ∼
1
((ωS − ES1)
2 + Γ2)((ωL − ES2)
2 + Γ2)
, (3)
where both levels are assumed to have the same broad-
ening. The best fit of Eq. 3 to the resonance profile of
the SW mode with Γ = 0.06meV is shown in Fig. 4.
The FWHM of the lineshape is slightly wider than this
at 0.08meV . This is sharper than the linewidth of S1 or
S2, indicating that the luminescence transition is broad-
ened by additional mechanisms that do not contribute to
the light scattering process.
Large resonance enhancements of the light scattering
intensities such as those reported here are crucial in the
study of FQH liquids. Significant examples are found in
recent work that examines the important low-lying ex-
citations that manifest key characteristics of the liquids,
as in recent studies between major fractions in the se-
quence ν = p/(2p + 1) [10, 36] and FQH states in the
sequence ν = p/(4p ± 1) [37] for integer p. The ex-
citations measured in these studies typically have low
energy (< 0.5meV ) and require temperatures reaching
below 100mK. Because of the small (< 1meV ) spac-
ing between various X− transitions, double resonances
similar to those seen for the SW are possible for many
low-energy excitations in the FQH regime. With such
resonances, studies can be performed using the very low
light power densities required to obtain very low temper-
atures.
In summary, we find strong resonance enhancement of
inelastic light scattering in the FQH state at ν = 1/3.
Enhancement profiles of long wavelength MP and SW
modes show incoming and outgoing resonances that co-
incide with X− optical transitions seen in luminescence.
The enhancements are interpreted by three-step light
scattering mechanisms in which the intermediate states
are excitations of the ground state with X− excitations.
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